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The DNA methylation status of human X chromosomes from male and female neutrophils was identified by high-throughput sequencing of HpaII and MspI digested fragments. In the intergenic and intragenic regions on the X chromosome, the sites outside CpG islands were heavily hypermethylated to the same degree in both genders. Nearly half of X chromosome promoters were either hypomethylated or hypermethylated in both females and males. Nearly one third of X chromosome promoters were a mixture of hypomethylated and heterogeneously methylated sites in females and were hypomethylated in males. Thus, a large fraction of genes that are silenced on the inactive X chromosome are hypomethylated in their promoter regions. These genes frequently belong to the evolutionarily younger strata of the X chromosome. The promoters that were hypomethylated at more than two sites contained most of the genes that escaped silencing on the inactive X chromosome. The overall levels of expression of X-linked genes were indistinguishable in females and males, regardless of the methylation state of the inactive X chromosome. Thus, in addition to DNA methylation, other factors are involved in the fine tuning of gene dosage compensation in neutrophils.
high-throughput sequencing | DNA methylation | X inactivation T he mammalian X chromosome is unique in many ways. Males have one copy and females have two copies of the X chromosome, although both genders have two copies of each autosome in diploid cells. To compensate for the difference in gene dosage of the X chromosome between the genders, genes on one of two X chromosomes in females are active and those on the other are subjected to X chromosome inactivation (1) . Analysis of the active and inactive X chromosomes in rodent/human somatic cell hybrids and nonrandomly inactivated primary fibroblast cultures showed that about 15% of the genes on the X chromosome escape X chromosome inactivation to some degree and are expressed from both the active and inactive X chromosomes. Also, an additional 10-20% of genes on the X chromosome show reactivation in some but not all cell lines (2) . Recent large-scale analysis of gene expression in lymphoblastoid cell lines using microarrays showed that only about 5% of X-linked genes have increased expression in females compared with males (3) . This difference in the proportion of genes escaping X chromosome inactivation may be explained by the different approaches of the studies. For example, both X chromosomes in females might express a gene, but the level of expression might be downregulated compared with the expression from the single X chromosome in males. Also, the selection of escaped genes could be cell type-specific or influenced by in vitro culture conditions. DNA methylation appears to be a part of the mechanism for human X chromosome inactivation, because 5-azacytidine treatment can reactivate hypoxanthine-guanine phosphoribosyltransferase (HPRT) on the inactive X chromosome (4). The cluster of CpG dinucleotides 5′ to the HPRT gene is extensively hypomethylated on active alleles, whereas the inactive alleles are nonuniformly and less extensively hypomethylated at the 5′ CpG cluster (5) . Recently, the chromosome-wide methylation status at promoters was analyzed using an immunoprecipitation method coupled with a promoter oligonucleotide microarray (6) . Only CpG island-embedded promoters of genes that undergo X chromosome inactivation showed hypermethylation, whereas the promoters without CpG islands did not show differential DNA methylation in relation to their X chromosome inactivation status. In autosomes, the vast majority of promoters within CpG islands are hypomethylated, whereas those without CpG islands may be methylated (6) (7) (8) . The observed differences in the promoters with CpG islands between autosomes and sex chromosomes in females have been hypothesized to be responsible for silencing of the inactive X chromosome. For promoters without CpG islands, inactivation was not reflected by changes in DNA methylation (6) . Recently, Meissner et al. (9) reported the genome-wide analysis of methylation in pluripotent and differentiated cells using MspI digestion of the genomic DNA followed by Solexa (Illumina) sequencing of bisulfite-treated MspI fragments. CpG islands in female cell populations (ES cell-derived and primary astrocytes, respectively) showed an average of ∼50% methylation, consistent with hypermethylation of high CpG density promoters on the inactivated X chromosome. These investigators also noted that there may be relatively rapid changes in the patterns of DNA methylation of cells placed into tissue culture.
To revisit the DNA methylation status and gene expression from X chromosomes, especially for the escapee genes on the inactive X chromosome in normal nondividing cells from females, we employed digestion with CpG methylation-sensitive and -insensitive restriction endonucleases (HpaII and MspI, respectively) and submitted the small restriction fragments for Solexa sequencing. We found that the majority of sites at the promoter regions on the inactive X chromosome in neutrophils polymorphonuclear leukocytes (PMNs) were composed of hypermethylated sites or a mixture of hyper-and hypomethylated sites but that most of the sites at the promoters of escapee genes were hypomethylated. The levels of expression of X-linked To whom correspondence should be addressed. E-mail: sherman.weissman@yale.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0914812107/DCSupplemental. genes were indistinguishable in females and males, regardless of their state of methylation.
Results

Comparison of Methylation States at Promoter Regions Between
Autosomes and X Chromosomes of Female and Male Neutrophils. To identify hypo-and hypermethylated regions on the female and male chromosomes, we first digested genomic DNA from male and female PMNs with Tsp509I (AATT recognition site). CpGrich fragments obtained after Tsp5091 digestion were selected by agarose gel electrophoresis and extraction of fragments from 500-4,000 bp in length. These size-selected fragments were digested with HpaII, and the smaller fragments (70-350 bp) were isolated for sequencing. The larger fragments (500-4,000 bp) from the HpaII digestion were reisolated and cut with MspI, and, again, fragments from 70-350 bp were size-selected in an agarose gel and subjected to Solexa sequencing. Among the total Solexa sequences, those having a CCGG sequence at the 5′ end of an identified position on the X chromosome were selected for further analysis. The extent of hypo-or hypermethylation is reflected in the number of Solexa read sequences from either HpaII or MspI sites, respectively, at the identified sites. For the numbers of sequences from the HpaII and MspI sites to be compared with each other to determine their statistical significance, let f 1 and f 2 be the frequencies of Solexa read sequences starting at a given site of a chromosomal sequence in HpaII and MspI samples, respectively. From the frequency pair (f 1 , f 2 ), the category of the site is determined. All frequencies are log-scaled, because Solexa read sequences are PCR-amplified. Suppose that the pair (log f 1 , log f 2 ) is plotted on the x-y plane, and the closest line from the point is determined between the x axis, the y axis, and the line y = x, which correspond to C1 (hypomethylated), C2 (hypermethylated), and C3 (heterogeneously methylated), respectively. If the plotted point is located around the origin of the x-y coordinate, the category is set to C4 (insufficient). In addition, if the point is at equal distances from y = x and the x axis or y axis, the category is assigned C5 (ambiguous). When we use multiple samples, a normalized frequency is calculated from the original frequencies of the samples. The normalization is done separately for females and males using the logarithms of the frequencies (see Materials and Methods for details).
First, we compared the methylation states at promoter regions (−3,000 to 1,000 bp from the transcription start site) on the female and male X chromosomes with those on the female and male autosomes. To avoid specific clusters of related genes on each chromosome, such as the tumor antigen cluster genes on the X chromosome, only sequences with unique matches between the sequence and the reference genome were used to identify the sequences at the promoter regions. In autosomes, 94% of the sites identified at promoter regions were hypomethylated and only 4% of the sites were hypermethylated in both females and males ( Table 1 ). The DNA methylation states were almost indistinguishable between female and male autosomes. Interestingly, a small but significant number of the sites were identified as heterogeneously methylated in both females and males or heterogeneously methylated in females and hypomethylated in males. These might relate to monoallelic expression or to sexually different expression of genes (Table S1 as an example of the methylation status of the imprinted MEST gene for monoallelic expression).
In the male X chromosome, 89% of the sites in promoter regions were hypomethylated (C1) to almost the same degree as those in the autosomes (Table 1 ). In the female X chromosomes, 43% of the sites in promoters were hypomethylated (C1), whereas the hypermethylated state (C2, C2) at the same sites in both female and male promoters were at almost the same low level as that in the autosomes. A prominent difference in methylation either between the female X chromosomes and autosomes or between the female and male X chromosomes was that 46% of the sites in the promoter regions on the X chromosome were heterogeneously methylated (C3) in females (Table 1) . Presumably, this reflects X chromosome inactivation, in which the promoters subjected to X chromosome inactivation were hypermethylated.
Methylation States in Promoter Regions of the Female and Male X
Chromosomes. Next, we compared the methylation states on the female and male X chromosomes in detail using the sequences with both unique and four or fewer matches to the reference genomic DNA, with zero to two errors. The sequences with the low multiple matches included genes in the pseudoautosomal regions and tumor antigen cluster genes that match to more than one genomic position. The promoter region was separated into five segments relative to the transcription start site (Table 2) . Among the promoter sites for which the methylation status could be identified, 82% were in CpG islands. There were essentially no C3 sites (0.8%, 23 of 2,881 sites) in the male promoters regardless of the presence of CpG islands. C1 and C2 sites constituted 85% (2,007 of 2,354 sites) and 14.2% (335 of 2,354 sites), respectively, on the entire length of the male promoters (including promoter segments A-E) with CpG islands, indicating that the CpG island-embedded male promoters were extensively hypomethylated ( Table 2 ). In contrast, among the sites outside CpG islands, we found a somewhat lesser fraction (61%, 323 of 527 sites) of the C1 category sites in the male promoters, whereas C2 sites were increased to 36% (191 of 527 sites). This finding is consistent with the previous reports that more methylation is observed in non-CpG island promoters than in CpG islands (6, 8) . In the case of female promoters, C2 category sites (21%, 613 of 2,881 sites) were almost the same as those in the male promoters (18.3%, 526 of 2,881 sites) regardless of the Only sequences with unique matches with 0, 1, and 2 errors in the match between the sequence and the reference genome were used to identify the sequences at the promoter regions (−3,000 to 1,000 bp from the transcription start site). The numbers of sequences from the HpaII and MspI sites are compared with each other to determine their statistical significance after normalization, and sequences are classified into five categories as described in Materials and Methods. Category 1 (C1) donates a hypomethylated state, whereas category 2 (C2) denotes a hypermethylated state. Category 3 (C3) defines a heterogeneously methylated state. Category 5 (C5) means a borderline either between C1 and C3 or between C2 and C3. *Identified numbers of CCGG sites at the promoter on the autosome or the X chromosome.
presence of CpG islands. Overall, C1 and C3 sites were almost equally distributed in the female promoters with CpG islands, at 31% (879 of 2,881 sites) and 35% (997 of 2,881 sites), and in the female promoters without CpG islands, at 5.3% (152 of 2,881 sites) and 5.6% (162 of 2,881 sites), respectively.
Methylation Status Outside of Promoter Regions. The intergenic and intragenic regions on the X chromosome were markedly different in their methylation states compared with the promoters. The sites without CpG islands were heavily hypermethylated to the same degree in both females and males. Overall, 60% and 65% of sites were hypermethylated (C2, C2) in the intergenic and intragenic regions, respectively (Table S2) . We examined the sites in the intergenic and intragenic regions assigned on the basis of the human mRNA data from the University of California at Santa Clara (UCSC) Genome Browser. As shown in parentheses in Table S2 , 19 .4% (96 of 496) and 33% (76 of 230) of (C1, C1) sites in the intergenic and intragenic regions, respectively, corresponded to promoters (−3,000 to 1,000 bp) of annotated human mRNAs. Also, 18.6% (55 of 295) and 45% (80 of 178) of the (C3, C1) sites in the intergenic and intragenic regions, respectively, corresponded to these annotated promoters.
Characterization of the Promoter Methylation States in mRNAs
Recorded in GenBank. We examined the distribution of methylation states at the promoters in males and females. At least one CCGG site could be evaluated in the promoters of 716 RefSeq genes, corresponding to about 58% of the RefSeq genes on the X chromosome. The promoters were mainly composed of fully methylated sites (C2, C2) (33%, 237 of 716), and a mixture of partly methylated (C3, C1) and unmethylated (C1, C1) (34%, 240 of 716) sites. Fig. 1A shows an example of a promoter that is hypermethylated in both female and male cells, a schematic of the CT47 (cancer/testis) gene family, and one of the tumor antigen gene clusters. The genes in the region containing G6PD were heterogeneously methylated (Fig. 1B) , and the genes in pseudoautosomal region 1 and evolutionarily younger strata 4 and 5 were hypomethylated (Fig. 1C) . We also examined the distribution of methylation sites at the promoters of human mRNAs recorded in GenBank but not annotated in RefSeq. The methylation states of 27 mRNAs not recorded in RefSeq were identified in the intergenic regions and were found to be composed mainly of a mixture of (C1, C1) and (C3, C1) (14 of 27 promoters; see Table S3 for details). The methylation states of 55 variants in the intragenic regions were evaluated and mainly constituted one set each of (C1, C1) (9 of 55 promoters) or (C2, C2) (17 of 55 promoters) and a mixture of (C1, C1) and (C3, C1) (12 of 55 promoters) ( Table S3 ).
The promoters with (C1, C1) in the RefSeq genes as well as the mRNAs in GenBank were concentrated in gene clusters escaping from X chromosome inactivation, especially in pseudoautosomal region 1 and the younger strata of the X chromosome. Because the hypomethylated state is likely necessary for gene expression, C1 at the promoters on the female X chromosome may represent the genes that have escaped or have the proclivity to escape from X chromosome inactivation. Because the hypermethylated state is known to repress gene expression, C3 at the promoter in females should represent the genes stringently subjected to X chromosome inactivation.
To evaluate this hypothesis, we compared the methylation states at the promoters on the X chromosomes with the Xi-expression results from rodent/human somatic cell hybrids described by Carrel and Willard (2) . We edited the Xi-gene expression results (excluding ESTs) in the cell hybrids using their data. The sites in A, B, C, D, and E segments of promoters were used for the comparison of the methylation status at the promoter and the Xiexpression in the hybrid cells. Seventy-four percent of the Ξ-genes were expressed in none or one and two of the four to nine cell hybrids tested (Table S4A) . Ninety-five percent of genes with (C3, C1) (36 of 38 genes) and 86% of genes with the mixture of (C1, C1) and (C3, C1) (124 of 144 genes) belonged to the Xi-genes that rarely escaped inactivation, indicating a high correlation between hypermethylation states at the promoter in female cells and infrequent escape from X inactivation (Table S4 A and B). The promoters of 52% of 311 genes showed these methylation patterns, whereas 74% of the genes were stably inactivated in the hybrids. This low percentage of X-inactivated genes estimated by their methylation states was mainly attributable to uncounted genes within the remaining categories, which were also X-inactivated (Table S4B ). However, 56% of genes with (C1, C1) corresponded to the Ξ-genes expressed in all or seven and eight of the hybrids tested (Table S4A ). Considering only the promoter regions that had Sequences with unique and four or fewer matches with 0, 1, and 2 errors in the match between the sequence and the human genome were used to identify the number of sites at the promoter regions. The promoters are divided into five regions: promoter A (−3,000 to −1,001 bp from the transcription start site), promoter B (−1,000 to −501 bp), promoter C (−500 to −1 bp), promoter D (1-500 bp), and promoter E (501-1,000 bp). The symbols (+) and (−) in CpG islands indicate the promoters with and without CpG islands, respectively. Numbers in the promoters indicate identified numbers of the CCGG sites in the promoters. Numbers in parentheses indicate percentages of each category of promoters.
(C1, C1) at more than two sites, 86% were among the Ξ-genes expressed in all or most of the hybrids. These genes represented 14.2% (44 of 311 of all measured genes), in good agreement with 15.9% of the Ξ-genes expressed in all or most of the hybrids (2).
We further examined whether there were any differences in the distribution of X-inactivated and escapee genes estimated by the methylation states at the promoter compared with inactivated and escapee genes in the hybrids. Two hundred twenty-nine X-inactivated and 57 escapee genes from a total 311 genes were detected in the hybrids (2) . Of these, 70% of X-inactivated (160 of 229) and 77% of escapee (44 of 57) genes could be evaluated for the methylation state of their promoters. Fig. 2 shows the distribution of the X-inactivated and escapee genes, estimated by methylation status and Ξ-gene expression. The 59 genes belonging to category (C1, C1) at more than two promoter sites were compared with the escapee genes identified earlier by Ξ-expression (2). Similarly, 53 genes with category (C3, C1) and 210 with the mixture of categories (C3, C1) and (C1, C1) were also compared with the X-inactivated genes identified by the Ξ-expression method (2). These comparisons revealed that the distribution of X-inactivated and escapee genes was quite similar by both methods. The escapee genes tended to cluster and were mapped mainly to evolutionarily younger strata 3, 4, and 5 in addition to the pseudoautosomal region 1 (Fig. 2) . In addition, a few escapee genes were scattered in the evolutionary oldest stratum 1. One cluster of the escapee genes identified by Ξ-expression was located in a gene-rich region of Xq28, including 5 Ξ-genes that were expressed in most of the hybrids. However, these five genes were not in category (C1, C1) at two or more sites. Three additional genes in category (C1, C1) that mapped in this region were not clustered (Table S5) . Of these three genes, one was Ξ-inactivated and two showed variable Ξ-expression.
VAMP7 is exceptional in that it is located in the pseudoautosomal region 2 and is expected to escape X inactivation, but the Ξ-gene was expressed in only one of nine hybrids. The methylation states showed a mixture of two sites of category (C3, C3) and one site of category (C1, C1) at the female and male promoters, consistent with the Ξ-expression results (2) as well as with another report showing that VAMP7 is inactivated on both the inactive X chromosome and the Y chromosomes (10).
Relation Between Gene Expression and DNA Methylation of Promoter
Regions. Gene expression in neutrophils was analyzed with Human HT-12 Expression BeadChips (Illumina) using total neutrophil RNA from a female subject and a male subject. After fluorescence signals of all chromosomes were normalized by a quantile method, log 2 gene expression signals of the female X chromosome were plotted against those of the male X chromosome (Fig. 3 ). There were no obvious differences in relative gene expression levels between female and male X chromosomes. Median female and male gene expression levels of the X chromosomes were the seventh highest among the gene expression levels of all chromosomes.
Next, we examined the relation between gene expression and DNA methylation states at the promoter. Ninety-three percent (51 of 55) of genes with category (C2, C2) at the promoter did not express either female or male neutrophils. The two genes expressed in both male and female cells with category (C2, C2) promoters were SLC35A2 and ASB11. However, they were evaluated at only one site in promoter regions A and B, respectively. The genes with category (C1, C1) at more than two sites or with category (C3, C1) were equally likely to be expressed, 48% (26 of 54 genes) and 45% (23 of 51 genes), respectively, in both female and male neutrophils. Fifty-one percent (98 of 192) of genes with a mixture of categories (C3, C1) and (C1, C1) were expressed in both female and male cells.
Discussion
Previous cytological studies of the methylation profile over the entire inactive female X chromosome have been carried out in dividing cells in metaphase (11, 12) , which does not take into account cell cycle-dependent dynamics of methylation patterns and does not provide high resolution. Additionally, the pattern of DNA methylation can change relatively rapidly when cells are placed in culture (9) . We selected peripheral blood neutrophils for genome-wide methylation analysis because they can be obtained easily as a 95-99% pure nonreplicating cell population that is sufficient for genome-wide analysis of their methylome. Also, all the isolated cells are of approximately the same age, because their half-life in the blood is only about 6-10 h. 2 . Distributions of X-inactivated and escapee genes estimated by DNA methylation status at the promoters and determined by Ξ-expression in the hybrid cells (2) . For distribution in Ξ-expression, 57 escapee and 229 X-inactivated genes were used from the 311 genes whose methylation status could be estimated. For distribution in the methylation status, 59 genes with (C1, C1) at three or more sites in the promoter regions were used for the escapee genes, whereas 210 genes with (C3, C1) and with a mixture of (C3, C1) and (C1, C1) were used for the X-inactivated genes. Distribution of escapee and X-inactivated genes was determined by Ξ-expression in cell lines: escapee genes (A) and X-inactivated genes (C). Distribution of escapee and X-inactivated genes was estimated by their methylation status: escapee genes (B) and X-inactivated genes (D). Traverse line, a, indicates pseudoautosomal region 1 and stratum 5. Traverse lines b, c, d, and e, indicate strata 4, 3, 2, and 1, respectively. Other annotations are the same as in Fig. 1 .
Methylation Status of Female X Chromosome Promoters. X chromosome inactivation is initiated by a cis-acting noncoding RNA, XIST, and final DNA methylation is established at the promoters of genes on the inactive X chromosome after several steps of epigenetic marking during cell differentiation (13) . CpG islands, often associated with the 5′ end of genes, are reported to be heavily methylated on the inactive X chromosome in somatic cells (6, 9) . However, our findings demonstrate that 82% of identified potential methylation sites in the promoter regions are in CpG islands, and many sites on the inactive X chromosome were not methylated in females. Genes unmethylated at more than two sites on the female promoter were generally among the genes that were found to be expressed from the inactive X chromosome in cultured cells. A high correlation was also observed between partial methylation of the CpG sites in promoter regions and the lack of Ξ-expression in cultured cells. We also identified 15 genes of category (C3, C1) and 66 genes with a mixture of (C3, C1) and (C1, C1) not previously reported as stably X-inactivated genes (2). Our results also suggest that lack of methylation at more than two sites on the promoter is a signature for the escapee genes. This signature pattern was found at the previously reported escapee gene promoters as well as at the following uniquely identified potential escapee genes in this study: SHROOM2, EGFL6, ZRSR2, DGKK, UPRT, PCDH11X, FAM133A, and LOC389904. Among these, ZRSR2 is reported to be more highly expressed in females than in males (3). These genes, with the exception of DGKK and UPRT, are located in the midst or at the boundary of the escapee gene clusters.
The distribution of escapee genes determined by Ξ-expression was similar to that of the genes classified as potential escapee genes based on their methylation status (Fig. 2) . When we examined the methylation states of X-linked genes with Y homology, 81% (21 of 26) of the genes, excluding pseudoautosomal genes, were in category (C1, C1) with more than two sites at their promoters and most had been found to be escapee genes. Among these genes, BCOR was not considered to be an escapee because it was expressed in only two of nine hybrids. The methylation states of the 5 remaining genes were a mixture of (C1, C1) and (C3, C1) in MAP3K7IP3, CASK, and TSPYL2 and (C2, C1) in RBMX; all were inactive in the Ξ-expression studies, with the exception of (C2, C2) in FAM9C, which was described as an escapee gene. The escapee genes tended to cluster, and the clustered genes were mapped mainly to the evolutionarily younger strata 3, 4, and 5 in addition to pseudoautosomal region 1. There was a difference in the escapee gene clustering in the oldest stratum 1 as determined by Ξ-expression in the hybrids and estimated by the methylation states at the promoter. One cluster of the escapee genes by Ξ-expression was located in a gene-rich region of Xq28. This is consistent with the suggestion that the region actually belongs to stratum 2, based on a comparison with the chicken genomic sequence (2, 14) . However, these promoters were composed mainly of mixtures of categories (C3, C1) and (C1, C1). Although this distribution might be cell type-specific, sporadic distribution of escapee genes through the region may simply reflect the distance from the XIST gene.
Relation Between the Methylation States at the Promoters and Gene
Expression. We did not find any difference in the expression level either between the female X chromosome and the autosomes or between the female and male X chromosomes at the expression level, confirming previous reports (3). There were no genes in females that were expressed greater than 1.6 times more than in males. Accordingly, compared with autosomal genes, 2-fold upregulation of expression was observed from male X chromosome genes and from the active alleles of female X chromosome genes subjected to X inactivation (Fig. 2) . If any genes escaped X inactivation in neutrophils, this did not cause a detectable increase in the level of their expression above that seen from the single male X chromosome. This could occur if escape from inactivation was incomplete, as has been observed previously, or because the overall level of expression was regulated so that the expression from the two copies in the female is less than twice that of the single copy in the male.
It is generally accepted that hypomethylation at the promoter is permissive for gene expression, whereas hypermethylation of promoters in CpG islands causes repression of gene expression. Our results showed high correlation between hypermethylation at the promoter and transcriptionally silent genes. However, the hypomethylation state (C1, C1) at more than two positions was not correlated with gene expression, and only about 48% of hypomethylated genes were expressed at the mRNA level. Forty-five percent and 51%, of genes with category (C3, C1) or with a mixture of categories (C3, C1) and (C1, C1), respectively, were expressed, which approximates the expression of genes with category (C1, C1) at more than two sites in both females and males. There were almost no differences in gene expression between the genes with categories (C1, C1) and (C3, C1). These results are largely compatible with the RNA polymerase II recruitment status at the promoters analyzed by ChIP-ChIP experiments, where the frequencies of active promoters in high-CpG and intermediate-CpG content were 66% and 41%, respectively (6) . Overall, there appear to be two mechanisms of inactivation of genes on the X chromosome, only one of which involves methylation of CpG islands in the promoter region. There is a strong correlation between the lack of methylation of promoters of a gene and the tendency of the gene to escape X inactivation in cultured cells.
Histone modifications are involved in X chromosome inactivation and gene expression. Gilbert and Sharp (15) investigated the histone H4 acetylation status of active and inactive human chromosomes using human/hamster somatic cell hybrids. They found that escapee genes had elevated levels of acetylation at their promoters on both chromosomes, whereas promoters of inactivated genes were markedly hypoacetylated. In gene expression studies, monomethylations of H3K27, H3K9, H4K20, H3K79, and H2BK5 were all related to gene activation, whereas trimethylations of H3K27, H3K9, and H3K79 all correlated with gene repression. Also, acetylation of H3K27 was highly linked to promoter regions of transcriptionally active genes (16) . Accordingly, we examined the relation between the histone modifications H3K27ac and H3K27me3 in GM12878 and K562 cell lines and DNA methylation status at promoters in neutrophils. Data on H3K27ac and H3K27me3 used were derived from the Encyclopedia of DNA Elements (ENCODE) project (17) . Histone modifications were determined by the Broad Institute ChIP-sequence recorded in the UCSC Genome Browser. Analysis of genes lacking methylation at more than two sites at the promoter showed that 69% had sig- Fig. 3 . Scatterplot of average female and male gene expressions in X chromosomes. Gene expression was analyzed with Human HT-12 Expression BeadChips using total RNA from female and male neutrophils. After fluorescence signals of all chromosomes were normalized by a quantile method, log 2 gene expression signals of the female X chromosome were plotted against those of the male X chromosome.
nificant signals of H3K27ac but no significant signals of H3K27me3 in both cell lines, whereas 22% and 12% in GM12878 and K562, respectively, had no significant signals of H3K27ac but significant signals of H3K27me3. In contrast, among genes partially methylated at the promoter, 60% had significant signals of H3K27ac but no significant signals of H3K27me3, and 25% and 15% in GM12878 and K562, respectively, had no significant signals of H3K27ac but significant signals of H3K27me3 (Table S3) . These analyses demonstrated almost no differences between the potential escapee and stably X-inactivated genes in histone modifications. Therefore, histone modifications tended to reflect the actual state of activity of the gene rather than its potential for escape from inactivation under other conditions. Thus, DNA methylation did not correlate closely with the histone modifications examined here and was a much better predictor of the potential for genes to escape X inactivation.
The differences between genes that escape X chromosome inactivation, estimated from the methylation states at the promoter in neutrophils, and those determined to escape from the microarray analysis in the lymphoblastoid cell lines may be explained by the different methods employed, as suggested for those in rodent/human somatic cell hybrids and nonrandomly inactivated primary fibroblasts (3). Alternatively, the methylation states at the promoter may provide a fundamental control for gene expression, but many other factors would be needed for the elevated levels of gene expression. In rodent/human somatic cell hybrids and nonrandomly X-inactivated primary fibroblasts, the normal control mechanism may be impaired and the methylation state at the promoter might become a primary determinant for the gene expression. To distinguish between these mechanisms better, further experiments such as analysis of the methylation state and allelic gene expression in normal clonal-derived cell populations (18) and individual cells from normal tissues will be necessary. Escape of individual X-chromosome genes from inactivation has been documented for the Jarid1C gene of the mouse (19, 20) and found to be an intrinsic property of the locus (20) . Whether or where escape of other genes from X inactivation occurs in normal human tissues and, if so, whether this leads to gender differences in levels of gene expression in these tissues are important topics for further investigation.
Materials and Methods
Preparation of Genomic DNA and Total RNA. Neutrophils were isolated from venous blood of two male and two female volunteers using dextran sedimentation, centrifugation through Ficoll-Paque PLUS (Amersham Biosciences), and hypotonic lysis of erythrocytes (21) . Genomic DNAs from male and female neutrophils were prepared using the DNeasy Tissue Kit (Qiagen). Total RNAs from a healthy male and female were prepared using the RNeasy Plus Mini Kit (Qiagen).
Preparation of HpaII and MspI Digested DNA Fragments for Identifying Hypoand Hypermethylated States by Solexa Sequencing. The male and female genomic DNAs (10 μg) were digested with 80 units of Tsp509I (New England Biolabs) at 65°C for 10 h. After purification of the digests with the QIAquick PCR purification kit (Qiagen), they were size-selected once in an E-Gel (1.2% agarose wt/vol) with SYBR safe (Invitrogen) and once in an E-gel (2% wt/vol agarose) with SYBR safe (Invitrogen) to obtain fragments from 500-4,000 bp. The fragments were digested with 20 units of HpaII (Roche), a CpG methylation-sensitive enzyme, in a final volume of 40 μL at 37°C for 10 h. The digest was size-selected in an E-gel (2% wt/vol agarose) with SYBR safe to obtain the fragments from 70-350 bp that were used for identifying the hypomethylated state by Solexa sequencing. Also, the fragments from 500-4,000 bp were saved and digested with 40 units of MspI (New England Biolabs), a CpG methylation-insensitive enzyme, in a final volume of 40 μL at 37°C for 10 h. The fragments from 70-350 bp were size-selected in an E-gel (2% wt/vol agarose) with SYBR safe, and were used for determining the hypermethylated state by Solexa sequencing.
